MODIS reflective solar bands (RSB) cover the VIS, NIR, and SWIR spectral regions. They are calibrated by a set of on-board calibrators (OBC). The 7 VIS spectral bands are located on the same focal plane assembly (FPA), with wavelengths from 0.41 to 0.56μm. On-orbit observations show that the changes in the VIS response have been relatively large compared to the other spectral bands. This paper provides a comprehensive study of changes in the VIS response for both Terra and Aqua MODIS. It examines the differences among individual detectors within the same spectral band and between the two mirror sides. Results derived from measurements made by the instrument OBC and regularly scheduled lunar observations show that Aqua MODIS has been more stable than Terra MODIS in the VIS spectral region, with small response changes and mirror side differences over time.
INTRODUCTION
Since launch, Terra MODIS has successfully operated for more than 8.5 years and Aqua MODIS for more than 6 years. Together, they have generated many science data products for studies of global climate and environment changes [1, 2] . MODIS collects data using a two-sided scan mirror in 36 spectral bands with wavelengths from 0.41 to 14.2μm and at 3 nadir spatial resolutions: 0.25km (2 bands), 0.5km (5 bands), and 1km (29 bands). There are 20 reflective solar bands (RSB) with wavelengths shorter than 2.2μm and 16 thermal emissive bands (TEB) with wavelengths longer than 3.5μm. MODIS spectral bands/detectors are located on 4 focal plane assemblies (FPA) according to their wavelengths: visible (VIS), nearinfrared (NIR), short-and mid-wave infrared (SMIR), and long-wave infrared (LWIR). As shown in Figure 1 , there are 7 spectral bands (3, 4 , and 8-12), covering wavelengths from 0.41 to 0.56μm (Table 1) , that are located on the VIS FPA. Bands 3 and 4 are the 0.5km spatial resolution bands with 20 detectors each. They are located roughly at the middle of the FPA. Bands 8-12 are the 1km spatial resolution bands with 10 detectors each. The spectral bands are aligned in the scan direction and detectors in the track direction [3, 4] .
On-orbit observations show that the response changes of the VIS spectral bands have been relatively large compared to other RSB bands, in particular, with a strong dependence on the angle of incidence (AOI) of the scan mirror. In this paper, we provide a comprehensive study of changes of VIS response using data collected from instrument on-board calibrators (OBC), including a solar diffuser (SD) and a spectro-radiometric calibration assembly (SRCA), and lunar observations. We compare the differences among individual detectors within the same spectral band, between different mirror sides, and among different AOIs. A performance comparison between Terra and Aqua MODIS is also made, in terms of the amount of changes over time. Results show that the VIS bands in Aqua MODIS have been more stable than Terra MODIS (over comparable time periods). In other words, there have been smaller changes in detector response, and fewer trending differences among individual detectors and between mirror sides. After more than 8.5 years of on-orbit operation, Terra MODIS bands 8 and 9, at 0.41 and 0.44μm, have experienced approximately 45% and 30% of response changes (mirror side 1) based on the solar diffuser (SD) observations. The responses from mirror side 2 have noticeable differences than that from mirror side 1. For Aqua MODIS, the same spectral bands (8 and 9, mirror side 1) have shown 20% and 12% response changes since launch, with mirror differences of less than 1.5%.
MODIS RSB ON-ORBIT RESPONSE CHARACTERIZATION
MODIS reflective solar bands (RSB) include 7 VIS, 9 NIR, and 4 SWIR spectral bands. The RSB on-orbit calibration is reflectance based with reference to the on-board solar SD bi-directional reflectance factor (BRF). The SD BRF was characterized pre-launch by the instrument vendor with reference to the NIST reflectance standards. Its on-orbit changes over time are tracked using a solar diffuser stability monitor (SDSM). Normally, the SD and SDSM calibration system is operated on a weekly (at beginning of the mission) to tri-weekly basis. In addition, an SRCA with its internal calibration sources is used to monitor the short-term stability of RSB calibration. During each SRCA radiometric calibration, different lamp configurations (different radiance levels) are operated in order to obtain optimal signals or detector responses for all RSB bands. In addition to its onboard calibrators, MODIS uses lunar observations to monitor RSB radiometric calibration stability. The lunar observations are made through the instrument space view (SV) port at consistent lunar phase angles via spacecraft roll maneuvers [3] [4] [5] [6] . MODIS calibration is performed for each band, detector, sub-sample (for sub-kilometer resolution bands), and mirror side. The detector response (or gain) is determined using a known calibration source. For each SD calibration, the detector response is corrected for the factors due to SD BRF (illumination and view angle dependence), its on-orbit degradation, and the Earth-Sun distance at the time of calibration. For stability monitoring using the SRCA, its internal calibration source variations are removed from the time-dependent trending. For similar reasons, the lunar observations are corrected for the viewing geometry differences, including lunar phase and libration angles, Earth-Moon and Moon-Sun distances, and an over-sampling factor. As shown by Figure 2 , the SD, SRCA, and lunar observations are made at different scan angles. Together, they provide useful information for tracking detector response versus scan angle (RVS). Figure 3 illustrates relative responses of both Terra and Aqua VIS spectral bands 8-12, using data from their SD observations. The responses (band averaged, mirror side 1) in Figure 3 are normalized to the beginning of each mission. The relative response trending of band 3, not included here, is between that of bands 9 and 10. Similarly, on-orbit response of band 4 is very close to that of bands 11 and 12. It is clear that, since launch, Terra MODIS VIS spectral bands have experienced relatively large response changes (degradation). In general, Aqua MODIS VIS response changes are smaller than Terra MODIS.
RESULTS AND DISCUSSIONS
For Terra MODIS, the VIS response changes from mirror side 2 (not shown here) are noticeably different than that from mirror side 1 [6] . Since launch, the maximum differences have reached (one time during its mission) 10% for bands 8 and 9, 7.5% for band 3, 4.5% for band 10, and less than 1.5% for bands 11, 12 and 4. On the other hand, the Aqua MODIS VIS response changes are nearly identical between the two mirror sides. The largest differences in bands 8 and 9 are less than 1.5% and 1.0%, respectively, after 6 years of on-orbit operation. Similar results are also derived from SRCA and lunar observations. They are used together with SD observations to track the response versus scan angle (RVS). The detector-to-detector differences are presented in Figures 4 and 5 for Terra MODIS bands 8-10 using data from their SD and lunar observations. The results are normalized to the center detector of each spectral band. For bands 8 and 9, detector-to-detector relative responses are slowly diverging in the SD response trending (Figure 4) , especially after day 1600 (since its first on-orbit calibration) when a change of SD door configuration was made as a result of an SD door anomaly [6] . Meanwhile, the differences remain nearly the same in the lunar response trending ( Figure 5 ) after ignoring small short-term noises due to lunar surface sampling difference among individual detectors. Figure 5 Detector-to-detector relative responses of Terra MODIS VIS bands 8-10 derived from lunar observations. Results are from mirror side 1 with normalization to middle detector (D5, production order).
In general, the detectors at both ends have the largest differences. For Terra MODIS, the latest detector-todetector differences between SD and lunar observations for mirror side 1, as shown in Figures 4 and 5 , have reached ±1.2% and ±0.8% for bands 8 and 9, respectively. The differences for mirror side 2 are slightly higher than that from mirror side 1. The current calibration algorithm (L1B) applies detector based calibration coefficients and band averaged RVS correction. Obviously, the differences between the SD and lunar observations cannot be completely corrected. Consequentially, a new detector by detector based RVS approach has been proposed for MODIS C6 data reprocessing. This will provide clear improvements for Terra MODIS bands 8 and 9, especially for their latest performance (after day 1600). Our results show that the detector-to-detector differences among various AOI are much smaller for the other spectral bands.
Compared to Terra MODIS, the Aqua MODIS on-orbit changes in detector-to-detector differences are much smaller over its entire mission. The results from SD observations are provided in Figure 6 . The results from SRCA and lunar observations, made at different AOI, show similar behavior. In addition, Aqua MODIS VIS bands have essentially no mirror side difference for the detector-to-detector relative response. It is clear that the Aqua MODIS overall performance is better than its predecessor, Terra MODIS, considering all the factors, including response degradation rate, mirror side difference, and detector-to-detector difference. Figure 6 Detector to detector relative responses of Aqua MODIS VIS bands 8-10 derived from SD observations. Results are from mirror side 1 with normalization to middle detector (D5, production order).
SUMMARY
Since launch, Terra and Aqua MODIS have been continuously making Earth observations for more than 8.5 and 6 years, respectively, and generating many science data products for studies of the Earth system of land, oceans, and atmosphere. To maintain on-orbit calibration and data product quality, the changes of sensor response are constantly monitored by the MODIS Characterization Support Team (MCST) with regular corrections derived and updated for the L1B data production. On-orbit observations of both Terra and Aqua MODIS show that the changes of the VIS response have been relatively large compared to other spectral bands. For Terra MODIS, the VIS response changes are strongly mirror side and scan angle dependent. The detector-to-detector difference varies with time and scan angle. Because of this, an improved detector-dependent RVS correction has been proposed for future data reprocess. For Aqua MODIS, the response changes are typically small when compared to Terra MODIS. Particularly, both mirror sides have nearly identical behavior. The detector-to-detector differences have remained the same over its 6 years of on-orbit operation. As a result, the Aqua MODIS performance has been better and more stable.
